The apparent affinities between syntaxin and SNAP25, SNAP25 antibody inhibited exocytosis less effectively between SNAP25 and VAMP, and between syntaxin and after priming. We propose that SNAREs partially and VAMP were reported to be ‫4.0ف‬ M, ‫4.1-1ف‬ M, and reversibly assemble during priming, and that the syn-Ͼ12 M, respectively (Pevsner et al., 1994), and coopertaxin H3 domain is prevented from fully joining the ative binding greatly enhances affinities within the tercomplex until the arrival of the Ca 2؉ trigger. Furthernary complex. NMR and CD studies of SNAREs in vitro more, we find that mutation of hydrophobic residues of suggest that partially structured syntaxin may initiate the SNAP25 C-terminal coil that contribute to SNARE SNARE-complex formation, and that syntaxin and core interactions affects the maximal rate of exo-SNAP25 interact to form a binary complex prior to the cytosis, while mutation of charged residues on the binding of VAMP to form the ternary complex ( 
separated into two sequential stages, a MgATP-dependent priming step and a Ca 2ϩ -dependent triggering step (Hay and Martin, 1992), we examined whether the cells' sensitivity to inhibitors changes after priming. We then examined the kinetics of norepinephrine release while varying the concentration of one of the four coils of the helical bundle, taking advantage of our capability to rescue BoNT/E-inhibited 3 H-norepinephrine exocytosis by addition of a recombinant 65 aa SNAP25 C-terminal coil (S25C; Chen et al., 1999). The ability to introduce mutations and accurately control the concentration of the required SNAP25 coil permitted kinetic analysis of the SNARE-mediated fusion reaction, thus providing further insight into the mechanism of SNARE-complex assembly inside cells. Figure 2B ), consistent with H3 coil that exhibited a much greater increase in inhibiits identity being a VAMP-SNAP25 complex. tion ( Figure 1B ). This suggests that priming creates a
Results

SNARE Coil Domains Inhibit Exocytosis More Effectively after Priming
We next examined the effect of adding S25 along with higher affinity binding site for syntaxin H3 than for VAMP.
V2 on inhibition in primed and unprimed cells. Since V2 ϩ To better understand this process, we examined the S25, together, bind syntaxin with high affinity, they can effect of priming on the inhibition by the H3 domain be used to probe the availability of the H3 domain of of syntaxin in more detail. Figure 1C reveals fore, that BoNT/E can still efficiently cleave S25C that is in a partially assembled SNARE complex. Because the S25C coil faces the syntaxin H3 coil in the ternary complex, this would be consistent with our above interpretation that the syntaxin H3 domain might be missing from, or only loosely associated with, the initial SNARE complex. Taken together, these results are consistent with partial SNARE-complex assembly during priming.
Based on these results, we propose the following model ( Figure 4A ). In the resting unprimed state (a), VAMP and SNAP25 are in their monomeric form, while syntaxin is bound by a chaperone protein, probably n-sec1. During MgATP and temperature-dependent priming, VAMP and SNAP25 are brought together, creating a higher-affinity binding site for the H3 domain of syntaxin (b). Note that, although drawn in trans to reflect the predominant localization of SNAP25 at the plasma membrane, there is no a priori reason why the VAMP-SNAP25 complex should not be cis, residing on the vesicle membrane. Because all the reactions prior to the membrane merger are reversible, perhaps syntaxin and SNAP25 form a partial complex without VAMP as well (bЈ), or all three proteins together reversibly form a partial complex (c). However, the syntaxin H3 coil binding is likely the most readily reversible and perhaps only involves a small region of the H3 domain (c). It is possible that the syntaxin H3 C terminus is held back by a Ca 2ϩ sensor, so that full zippering of the SNARE complex cannot take place. When Ca 2ϩ arrives, the syntaxin H3 domain may be released from the sensor, allowing the SNARE complex to zipper up (d) toward the C terminus, resulting in membrane fusion (e). Such an association of syntaxin with a calcium sensor could perhaps explain why the syntaxin interaction with the partially assembled cells. We previously showed that S25C rescues exo- rescue by these mutants could be due to either altered affinity of S25C for the endogenous SNAREs or to a difference in their ability to convert the partially assembled trans complex into a fully assembled cis complex (or both). Either would lead to a change in fusion efficiency. We reasoned that these two mechanisms might be distinguished by comparing the kinetics of rescue by the mutants to wild-type S25C. Mutations which affect the complex assembly following initial binding should yield a lower maximum rate of exocytosis, whereas those that alter the affinity for the endogenous SNAREs should attain the same maximum rate of exocytosis, but at a different concentration of S25C.
To this end, we followed the time course of release from cracked, toxin-treated, primed (without S25C during priming) PC12 cells in the presence of increasing concentrations of wild-type S25C or the four mutant coil domains. All proteins were used immediately after preparation and concentration, and no aggregation was observed. Figure 6 shows the time courses obtained with S25C-WT ( Figure 6A ), R161A ( Figure 6B ), E183A ( Figure 6C ) and non-BoNT/E-treated cells for comparison (the red upper traces). The data points were readily fitted to single exponential curves and the initial rates of release were determined. Plotting these initial rates versus S25C concentration (Figure 7 ) revealed that at low S25C concentration, the reaction velocity is proportional to the concentration of S25C. As the concentration of S25C increases, the increase of the reaction rate decreases, and at high concentrations, the rate reaches a plateau (the V max ) and becomes independent of S25C concentration.
We model this reaction with a simple kinetic scheme as follows ( Figure 4B ; see also Experimental Procedures). Partial assembly of SNARE complexes likely occurs during priming in BoNT/E-treated cells, because Table 1) , which is very similar to the the concentration of SNARE machinery to which S25C normal secretion rate achieved in non-BoNT/E-treated binds (which is constant because the same number of cells (13.3% Ϯ 1.4% 3 H/min, n ϭ 5), suggesting that cells were used in all reactions) (see Experimental Procefusion in our rescue system occurs by the normal pathdures for derivation). Calculating the concentration at way. Among the four mutants, only the mutant N188A/ which the velocity of the fusion reaction is half the maxi-I192A, with its mutations at "d" and "a" positions in mal rate yields the apparent affinity of S25C for its bindthe helical heptad repeats, was decreased in the V max , ing site in the cell, "K assembly " (in M), under the assumpindicating decreased fusion efficiency of the SNARE tion that the Ca 2ϩ -driven irreversible assembly of the complex. This is also the only mutant which results in SNARE complex is much slower than the disassembly significantly reduced thermal stability in SNARE comof the partial complex (k 3 ϽϽ k 2 ; see Experimental Proceplexes formed in vitro ( Table 1 ), suggesting that thermal dures). Table 1 displays the K assembly and V max calculated stability of the SNARE complex may correlate with the energy state of the SNARE complex and thus fusion in this way for each of the S25C proteins, along with the cracked PC12 cell system, we propose the following: (1) SNAREs partially and reversibly assemble during priming, so that full assembly can occur very rapidly once the cell is triggered; (2) The syntaxin coil is likely to be less tightly associated than the VAMP and SNAP25 coils and we propose that it is held back by a calcium sensor until the arrival of the Ca 2ϩ trigger; (3) Surface and core hydrophobic residues of the SNARE complex play different roles in the assembly process, with only the hydrophobic ones being important for the maximal membrane fusion rates, while the surface residues are important in the initial formation of partially assembled complexes.
The first two proposals are supported by the following observations: (1) VAMP-cleaving neurotoxins and an SNAREs are more free to bind each other or are loosely By contrast, two other surface mutations, both in the associated after priming. However, the inhibition by H3 C-terminal portion of S25C, D186A, and E183A, signifiwas increased much more dramatically than that by V2 cantly decreased the K assembly (i.e., increased the affinity after priming, suggesting that endogenous VAMP and of S25C for the endogenous SNAREs), perhaps sug-SNAP25 preferentially associate during priming in vivo. gesting a negative role of these two acidic residues in Because the inhibition results obtained with toxins and the complex formation process. Our results are consisantibody showed the opposite effects to V2 and H3, it tent with the idea that charged residues on the surface is unlikely that probe accessibility, such as loss of a of the SNARE complex are involved in the initiation of diffusion barrier, or an artifact of data normalization is the interaction between SNAREs and perhaps the reguthe explanation for the enhanced H3 or V2 inhibition; (3) lation of zippering, while the hydrophobic residues are The experiments using soluble V2 ϩ S25 or H3 ϩ S25 responsible for the core interactions needed for the zipas the inhibitors suggest that, whereas endogenous synpering event itself that leads to the melding of the two taxin is not readily available for exogenous SNARE bindmembranes. ing regardless of priming, endogenous VAMP becomes less available for exogenous SNARE binding after primDiscussion ing. Perhaps in unprimed cells, n-sec1 binding to syntaxin prevents it from forming a core complex with V2 ϩ In neurons and neuroendocrine cells, exocytosis is S25 (Yang et al., 2000) , while VAMP is available to bind highly regulated, and therefore SNARE-complex forma-H3 ϩ S25. In primed cells, however, VAMP and syntaxin tion must also be highly regulated, since this complex both become reversibly complexed with other SNAREs, formation catalyzes a late step or perhaps the final step making both V2 ϩ S25 and H3 ϩ S25 ineffective inhibiof the membrane fusion reaction. How is the formation tors. It is also possible that the binding of a calcium of the SNARE complex regulated in Ca 2ϩ -triggered exosensor to syntaxin after priming prevented strong binding of V2 ϩ S25 to syntaxin. cytosis? Based on functional data obtained in our during the first minute to finer detail, and thus the exocytic burst observed in chromaffin cells using electroWhile our approach has the advantage that it only concerns functional SNAREs in the cells, the data thus physiological techniques (Xu et al., 1999a) was not evident in our system. However, using capacitance and obtained only indirectly suggest a model, so we have attempted to propose various alternative hypotheses.
amperometry techniques, PC12 cell exocytosis of dense core granules has been shown to be about ten times For example, SNAP25 could change its conformation after priming so that its binding affinity to H3 is enslower than that of adrenal chromaffin cells (Kasai, 1999) . Given that the rate of SNARE zippering leading hanced, while VAMP's conformation is altered independently, perhaps due to its interaction with an as yet to fusion proceeds with a time constant of 30 ms in chromaffin cells (Xu et al., 1999a), we propose that k 5 is unidentified chaperone. However, this hypothesis does not explain how priming makes SNAREs more available not the rate-limiting step in our experiments. Our kinetic analysis revealed V max and K assembly , which are determined to assemble into a core complex. It is also possible that priming involves the conversion of a four-helical by slower-rate constants k 1 , k 2 , and k 3 . Our rate-limiting step is proposed to be the transition from a state in 2-syntaxin:1-SNAP25 binary complex to a three-helical 1-syntaxin:1-SNAP25 complex. However, while the 1-synwhich syntaxin is outside or very weakly bound to the SNARE complex to a state with all three SNAREs partaxin:1-SNAP25 complex could explain the increased affinity for H3 after priming (reforming a 2-syntaxin: tially zippered (k 3 ). We do not know how many SNARE complexes are 1-SNAP25 complex), it would be expected to have an equal or even greater affinity for VAMP2, which was required to fuse a single vesicle. In our S25C rescue assays, we did not observe any cooperativity, which not observed. Thus while the model we propose is not necessarily the only explanation for our results, we feel would be expected if multiple SNARE complexes were required for the rate-limiting step. However, if the step it is the most parsimonious. One important assumption of the study is that the soluble H3 and VAMP2 coils bind that requires multiple SNARE complexes is not rate limiting in our system, any cooperativity would not have specifically to SNAREs, which seems reasonable given current knowledge. Note that in these complex pharmabeen evident from our data. Kinetic analysis of the mutant S25Cs showed that cological experiments involving semi-intact cells, there are many sources of variability. Thus, each experiment hydrophobic residues at a/d positions affect the V max without significantly affecting the K assembly , suggesting was repeated at least six to ten times over a period of 2 years and careful control of the cells, toxins, protein that these residues affect the maximal membrane fusion efficiency of SNAREs. The buried-core hydrophobic respreparations, and reagent concentrations led to the relatively small standard errors shown here. We therefore idues likely contribute much of the free-energy change to form the core complex. Thus, it appears that the lowconclude that our results shed light on the physiologically relevant SNARE assembly process. tration (x) and the data was found to fit well to the equation y ϭ Inhibition Assays V max · x/(x ϩ K assembly ). For the data shown, six independent experiAfter EGTA extraction and one wash in KGlu/0.1% BSA buffer, the ments were carried out for wild-type S25C and three for each of cells were either left unprimed (incubated in KGlu/BSA on ice), or the S25C mutants. Data points at each S25C concentration were primed by incubation in KGlu/BSA with 2 mM MgATP and ‫7.0ف‬ mg/ averaged across these experiments. The mean value and standard ml rat brain cytosol at 30ЊC for 15 min. Where indicated, the duration error at each S25C concentration for each protein are shown in and the components of the priming reaction were modified. Both Figure 7 . Curve fitting was carried out using the mean values. The sets of cells were washed twice at 0ЊC-4ЊC in KGlu/BSA and ‫01ف‬ 6 V max and K assembly values predicted from each experiment were avercells were incubated with the specified inhibitors (e.g., the syntaxin aged to give the mean and standard error in Table 1 . H3 domain, BoNT/E etc.) in 100 l KGlu buffer for 5 min at 30ЊC.
Following the scheme in Figure 4B , the derivation of K assembly and After chilling to 0ЊC, 100 l of MgATP, cytosol, and Ca 2ϩ in KGlu V max are as follows: at equilibrium, the rate of formation of partial buffer was added to each reaction to reach final concentrations of SNARE complexes (state c in Figure 4B ) equals the rate of their dis-2 mM MgATP, ‫7.0ف‬ mg/ml cytosol, and ‫1ف‬ M free 
